Background: Cancer cells are characterized by elevated mitochondrial ROS. The dismutases SOD1 and SOD2 regulate ROS. Results: SOD2 is down-regulated following oncogenic activation in breast cancers. However, SOD1 is overexpressed, and its inhibition by LCS-1 leads to mitochondrial fragmentation. Conclusion: In the absence of SOD2, inhibition of SOD1 abolishes the integrity of the mitochondria. Significance: Our data suggest a SOD switch during transformation.
Reactive oxygen species (ROS) 3 are produced as a result of the leakage of electrons from the electron transport chain and their reaction with oxygen. Superoxide is the first species to be produced, and it accumulates in both the matrix and the intermembrane space of the mitochondria. Superoxide is converted to hydrogen peroxide through the activity of the dismutases SOD1 and SOD2. SOD2 localizes to the matrix, where its activity is regulated by the deacetylase SIRT3 (1) . SOD1 is, however, mainly present in the cytosol, but a fraction localizes to the intermembrane space. Cancer cells are characterized by elevated levels of ROS (2, 3) . A recent study indicated that the expression of SIRT3 is abolished or decreased in 87% of breast cancers (4) .
However, because excessive accumulation of superoxide in the mitochondria would result in damage to mitochondrial DNA, proteins, and lipids, ultimately leading to irreversible damage to the organelle (2), we reasoned that in the absence of SIRT3, other mechanisms must be up-regulated to limit the levels of mitochondrial ROS and maintain the integrity of the organelle. As SOD1 is the other dismutase in the mitochondria, we aimed at analyzing SOD1 in a variety of breast cancer models.
EXPERIMENTAL PROCEDURES
Immunohistochemistry-The tissues were processed using the Histostain-Plus broad spectrum (diaminobenzidine) substrate kit for peroxidase (Invitrogen). Briefly, antigen retrieval was performed by boiling in 10 mM sodium citrate. Endogenous peroxidase activity was blocked with 3% hydrogen peroxidase for 20 min followed by 30 min of blocking. Tissues were incubated overnight in the cold room with anti-SIRT3 and anti-SOD1 antibodies and detected with biotinylated anti-rabbit (DAKO) for 20 min and streptavidin peroxidase for 10 min. Slides were developed with chromogen diaminobenzidine. Sections were then counterstained in hematoxylin for 30 s and mounted with DePEX. Staining was scored based on the intensity of staining as 0, 1ϩ.2ϩ, or 3ϩ. Slides with a score of 2ϩ or above were considered positive.
Cell Culture-MCF-10A, MCF7, MDA-MB-231, and MDA-MB157 were grown in DMEM medium supplemented with 10% fetal calf serum and antibiotics (Invitrogen). BT474 and T47D were grown in RPMI medium supplemented with 10% fetal calf serum and antibiotics (Invitrogen).
Immunoblot Analysis-For protein extractions, cells were washed three times in ice-cold PBS and lysed in 200 l of icecold lysis buffer (50 mM Tris, pH 7.5, 250 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40, 50 mM NaF, 0.2 mM Na 3 VO 4 , 1 g/ml * This work was supported, in whole or in part, by National Institutes of Health Grant RO1 CA109482 (to D. G.). This work was also supported by the Samuel Waxman Cancer Research Foundation. 1 leupeptin, 1 g/ml pepstatin, 100 g/ml PMSF, 1 mM DTT). Lysates were clarified by centrifugation at 13,000 rpm for 20 min at 4°C, and the protein concentration of the supernatant was assayed using Bio-Rad protein assay (Bio-Rad). Immunoprecipitations were performed as described previously (5) , and for immunoblot analysis, proteins were separated by SDS-PAGE electrophoresis, transferred to nitrocellulose membrane (PerkinElmer Life Sciences), and probed with the following antibodies: SIRT3 (rabbit, Millipore), SOD1 (rabbit, Santa Cruz Biotechnology), SOD2 (rabbit, Millipore), actin (mouse, Zymed Laboratories Inc.), and prohibitin (mouse, Calbiochem). Mitochondrial Fractionation-Subcellular fractionation was performed as described previously (17) . Briefly, cells were resuspended in buffer A (300 mM sucrose, 20 mM HEPES-KOH, pH 7.5,1 mM EDTA, 10 mM KCl, 1 mM dithiothreitol (DTT), 1.5 mM MgCl 2 , and protease inhibitors) and homogenized by 30 strokes with a Dounce homogenizer. The mitochondrial and cytoplasmic fraction (supernatant) was separated from the nuclear fraction (pellet) by centrifugation at 800 ϫ g for 10 min. The supernatant was further centrifuged at 10,000 ϫ g for 20 min, and the enriched mitochondrial fraction was washed twice with buffer A and lysed in buffer B (Tris acetate, pH 8, 10% Nonidet P-40, 5 mM CaCl 2 , 1 mM DTT, and protease inhibitors).
Transmission Electron Microscopy-Cells were fixed at 4°C overnight, in 2.5% glutaraldehyde, 4.0% paraformaldehyde in 0.1 M phosphate buffer, and were processed by the electron microscopy facility at Mount Sinai. Samples were examined using a Hitachi 7650 transmission electron microscope.
Dismutase Activity Measurement-Cell lines were allowed to grow in culture for 48 h. Cells were washed twice with cold PBS, detached with a rubber policeman, collected, and spun down at 1,000 ϫ g. Cells were resuspended in 200 l of 20 mM HEPES buffer, pH 7.2, containing 1 mM EGTA, 210 mM mannitol, and 70 mM sucrose and homogenized with an 18-gauge needle. Lysates centrifuged for 20 min at 10,000 ϫ g. SOD activity levels were quantified with the use of the superoxide dismutase assay kit (Cayman Chemicals item number 706002).
Superoxide Measurement-Cells were treated with either DMSO or LCS-1 the next day. 48 h after treatment, cells were detached with 0.05% trypsin EDTA, collected in the appropriate growth medium, and spun down at 1,000 ϫ g for 5 min. Cells were stained with MitoSOX Red mitochondrial superoxide indicator (Invitrogen item number M36008) as per the manufacturer's instructions for 20 min at 37°C. Cells were spun down at 1,000 ϫ g for 5 min and washed in ice-cold PBS. Superoxide levels were quantified by FACS with the use of a BD FACSCanto.
2-Hydroxyethidium Measurement-MDA-MB-231 cells were treated as described for superoxide measurement but were prepared and run on Beckman System Gold HPLC with UV-visible and fluorescence detectors to determine 2-hydroxyethidium concentration. Extraction of samples and HPLC analysis were performed according to a published method (6) , and the excitation ϭ 510 nm and emission ϭ 595 nm signals were used for quantitation. Protein concentration was determined after cell lysis by the CB X protein assay (GE Healthcare) for use as a normalizing factor. Linearity of the assay was established on our system by comparing peak areas with a standard curve prepared from a mito-hydroethidine standard (R2 ϭ 0.96). Amount (nanomoles per milligram of protein) of 2-hydroxyethidium in the samples was determined by comparing the peak areas with a standard (150 pmol) of mito-hydroethidine injected after assay of the samples, chosen to match the response of the unknowns.
RESULTS AND DISCUSSION
We found that SOD1 is overexpressed in 70% (21/30) of human primary breast cancers ( Fig. 1) but also in three different mouse models of mammary tumors, namely the murine mammary tumor virus (MMTV)-ErbB2 (60%), MMTV-Myc (100%), and MMTV-Wnt (70%) transgenic mice ( Fig. 1 ). However, SOD1 was not detected in normal mammary ducts ( Fig. 1 ). We concluded that the overexpression of SOD1 is observed in 60 -100% of tumor sections tested in three mammary tumor models where tumorigenesis is driven by different oncogenes. Therefore, the overexpression of SOD1 is not linked to the expression of a specific oncogene.
We next tested whether the overexpression of SOD1 is also observed in a panel of five breast cancer cell lines. The nontumorigenic cell line, MCF-10A, was used as a control. We found that SOD1 level was the lowest in MCF-10A cells, whereas it was overexpressed in all five breast cancer cell lines (Fig. 2, A and B) . The expression of SIRT3 was also decreased when compared with MCF-10A in all breast cancer cell lines (data not shown). Further, because SOD2 levels were never determined in this panel of cell lines, we also analyzed SOD2 by Western analysis. We found that SOD2 is reduced by 50 -90% in these cell lines (Fig. 2, A and B) .
We further tested the relative expression levels of SOD1 and SOD2 in MCF-10A cells expressing the oncogene Ras constitutively. We found that although SOD1 is elevated by 10-fold in Ras-expressing cells when compared with the MCF-10A control cells, SOD2 was reduced by 95% (Fig. 2, C and D) . The same result was observed in MCF-10A cells expressing the oncogene Myc (data not shown). In addition, the levels of SOD1 and SOD2 were determined in four independent MCF-10A clones where the expression of Ras is inducible by treatment with tamoxifen. We found that in all four clones, induction of Ras for only 48 h was sufficient to lead to the reduction of SOD2 by 30 -90% (Fig. 2, E and F) . No effect was observed on SOD1 during this time frame (data not shown). This result indicates that the expression of SOD2 is rapidly down-regulated upon activation of oncogenes. However, although the up-regulation of SOD1 is only observed later, it nevertheless is uniformly observed in all cell lines tested. Because the overexpression of SOD1 is found in all five cell lines tested as well as in 70% of human breast cancers and 60 -100% of all mouse mammary tumors tested, collectively these results indicate that it is a frequent event.
The combined decrease in SOD2 and increase in SOD1 suggests that SOD1 may be the main dismutase activity in breast cancer. To test this possibility, we next measured total dismutase activity in a panel of breast cancer cells. We found that MCF7, BT474, and MDA-MB-231 breast cancer cells showed a 5-, 6.7-, and 3.2-fold increase, respectively, in dismutase activity when compared with MCF-10A cells (Fig. 2, G and H) . To determine the relative contribution of SOD1 or SOD2 to the total dismutase activity in these cells, we first incubated cells in potassium cyanide to inhibit the activity of SOD1 and measured the dismutase activity. We found that inhibition of SOD1 drastically reduced their dismutase activity to 10% in MCF7, 34% in BT474, and 27% in MDA-MB-231 cells (Fig. 2, G and I) . To further characterize the contribution of SOD1 in the regulation of oxidative stress in the mitochondria, we then compared the levels of SOD1 in the cytosolic and mitochondrial fractions in MCF-10A, MCF7, and MDA-MB-231 cells. We found that although SOD1 in the mitochondrial fraction of MCF-10A was undetectable, SOD1 was found in the mitochondrial fraction of MCF7 and MDA-MB-231 cells (Fig. 3, A and B) . This observation is consistent with the hypothesis that mitochondrial SOD1 may be required to maintain the integrity of the organelle when the expression of SOD2 is compromised. To test this possibility, we treated MDA-MB-231 breast cancer cells with the SOD1 inhibitor, LCS-1 (7) , and determined the effect of SOD1 inhibition on the morphology of the mitochondria using electron microscopy. We found that in contrast to the control-treated cells (Fig. 3C ) (DMSO only), mitochondria of MDA-MB-231 cells treated with LCS-1 showed increased fragmentation and dilated cristae (Fig. 3C) . In contrast, treatment of non-tumorigenic cells MCF-10A with LCS1 did not alter the morphology of their mitochondria (Fig. 3D ). Further, we found that treatment with LCS-1 leads to a 1.6-fold increase (46.7-76.9%) in the level of mitochondrial superoxide as measured using MitoSOX Red assay (Fig. 3E ). Replicates of this experiment revealed a statistically significant difference between LCS-1-treated versus control-treated cells (p Ͻ 0.05). However, because MitoSOX Red was reported to be nonspecific (8) , we further evaluated the increase in superoxide using measurement of the superoxide-dependent product 2-hydroxyethidium by HPLC according to the previous protocol (6) . We found a 1.6-fold (13.8 nmol/g of proteins to 22.8 nmol/g of proteins) increase in 2-hydroxyethidium concentration in cells treated with LCS1 when compared with control-treated cells (Fig. 3F ). Replicates of this experiment confirmed a statistically significant difference between the LCS-1-and control-treated cells (p Ͻ 0.05). These results suggest that inhibition of SOD1 leads to an excessive level of superoxide in the mitochondria, which ultimately leads to the collapse of the integrity of the organelle. SOD1 has been mainly studied in the context of amyotrophic lateral sclerosis, where it is mutated in the familial form of this devastating neurological disease (9) . Although SOD1 is mainly localized to the cytoplasm, a fraction of SOD1 is reported to localize to the mitochondria (10 -13) . The importance of this small fraction of SOD1 in the mitochondria is best illustrated by the fact that the expression of a construct of SOD1 targeted to the mitochondria is sufficient to rescue the phenotype of the SOD1 knock-out mice (14) . Therefore, although mitochondrial SOD1 represents a small fraction of total cellular SOD1, it is nevertheless of major physiological importance.
In terms of cancer biology, the deregulation of SOD2 by the deacetylase SIRT3 (1, 15) has been implicated in their metabolic reprogramming (4) . Our data further add to these findings by showing that SOD2 itself is reduced in all breast cancer cell lines tested and further that this reduction occurs rapidly following oncogenic activation by Ras (Fig. 2, C-F) .
Our data also support the notion that SOD1 may be an important target for cancer therapy. The identification of SOD1 as a potential anticancer target by the Varmus group arose from an unbiased screen of a library of compounds and the discovery of LCS-1 (7) . Although we do not rule out that LCS1 inhibits the cytoplasmic fraction of SOD1, our data suggest that the mitochondrial fraction of SOD1 may be of critical importance for the maintenance of the integrity of the organelle. We propose that the overexpression of SOD1 in cancer cells may act as an adaptation mechanism to maintain total ROS levels in the mitochondria below a critical threshold so that the integrity of the organelle is maintained.
Therefore, our results suggest that although decreased activity of SOD2 and elevated ROS have been reported to be required for the metabolic reprogramming of cancer cells (4), increased SOD1 may assist this reprogramming by avoiding excessive ROS. We propose that by analogy to the "cadherin switch" during epithelial-mesenchymal transition (16) , cancer cells may also use a "SOD switch" to orchestrate the requirement for the metabolic reprogramming, while avoiding irreversible damage to the mitochondria.
